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SUMMARY 
- 1- I- 

-.-- 

The flow field around the injection port for  secondary injection 

of a gas into a supersonic stream has been studied experimentally. 

New information concerning pressure fields, concentration fields, and 

shock shapes is presented. 

A scale parameter has been calculated, based on a simple, 

inviscid model of the flow field. This scale parameter gives a good 

general correlation of the data. 

Use of this scale parameter allows prediction of a simple scaling 

law for  the side forces generated by secondary injection. This side 

force scaling law is in approximate agreement with existing rocket 

motor test results. 
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Introduction 

The description of the flow field set up by the injection of a sec- 

ondary gas into a supersonic primary flow is a problem of current 

engineering interest. 

control of rocket motors, during jet reaction attitude control of vehicles 

moving through the atmosphere, and during fuel injection into a super- 

sonic burner. 

Flows of this type occur during thrust vector 

In all of these applications, when a gas is injected into the pri-  

mary flow, a high pressure region is set up on the wall in the neighbor- 

hood of the injector. 

of the resulting force on the wall i s  not yet thoroughly understood, but 

may be crudely described as follows. 

obstruction to the primary flow and, as such, produces a strong shock 

wave in the primary flow. 

on the wall and may cause it to  separate. 

resulting separation tend to  produce a region of high pressure near the 

point of injection. A further pressure change may be produced farther 

downstream by mixing of the primary and secondary flows. 

im2ortance of the pressure fields produced by these processes has not 

been established and, at present, published theoretical work usually em- 

phasizes one or the other of the processes. 

The detailed mechanism which governs the magnitude 

The injected material acts as an 

This shock interacts with the boundary layer 

Both the initial shock and the 

The relative 

The g o d  of the present study has been to obtain fundamental infor- 

mation concerning the processes of interaction which occur during sec- 

ondary injection and, in  particular, to  determine sim3arity rules for the 

important phenomena. The situation chosen f o r  experimental and theo- 

retical study is the sonic injection of a gas through a wall  and normal to 
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a primary flow which is uniform and rectilinear outside a wall boundary 

layer. 

sented and is compared with experimental data obtained by the authors 

and by other workers. 

In the present paper, a model for the interaction region is pre- 

Description of Experiments 

A series of experiments were conducted in the 2.5-inch Super- 

sonic Wind Tunnel at  the California Institute of Technology in which 

gaseous nitrogen, argon, and helium were injected through orifices in 

the test-section side walls. Test section conditions consisted of Mach 

numbers 2.56 and 1.38 and Reynolds numbers per inch of 1.3 X 10 

4.3 X 10 at the first Mach num3er and 4.5 X 10 at the second. At the 
5 

Mach number of 2.56 and below a Reynolds number per inch of 1.7 X 10 , 
the boundary layer  on the test section wall was found to be laminar; above 

that Reynolds number it was turbulent at the same Mach number. 

tunnel could maintain quasi-steady state flow in the test  section at a Mach 

number of 1.38 for  only approximately ten seconds. It was possible to 

perform experiments only at a single free-stream stagnation pressure 

and therefore only at a single Reynolds number per  inch. This Reynolds 

number resulted in a tarbulent boundary layer in the region of the injec- 

tion port. 

5 to 
5 5 

The 

The experimental data consisted of test-section flow conditions, 

schlieren photographs, static pressure distributions on the test section 

wall in the region of injection, concentration xnzasurements in the flow 

downstream of the injection port, and the injectant total pressure and 

mass flow rate. The static pressures were measured by mercury 
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m.mometers, and the concentration measurements were obtained with 

a Gow-Mac thermal conductivity cell. 

In addition to the experiments at the California Institute of Tech- 

nology, experiments were conducted in the 20-inch Supersonic Wind 

Tunnel at the Jet Propulsion Laboratory. These experiments were par t  

of a series conducted by J. F. Newton, Jr. and M. W. Dowdy. (I)* 

Gaseous nitrogen was injected through a sonic orifice 0. 100 in. in di- 

ameter normal to the surface of a sharp-edged flat plate, 7. 00 in. to the 

rear of the leading edge. The surface of the plate in which the injector 

was located was parallel to the test section flow, and a boundary-layer 

trip wire was attached near the leading edge of the plate. 

conducted at  test-section Mach numbers of 4. 54, 3. 50, 2.61, and 2. 01. 

Tests were 

The highest and the lowest practical tunnel stagnation pressures were 

utilized at each Mach number except 3.50 in an attempt to study the ef- 

fect of test-section Reynolds number at a fixed Mach number, but only 

at Mach 2.61 was it possible to achieve both laminar and turbulent bound- 

ary layers, at Reynolds numbers based upon the distance from the injec- 

tion port to the leading edge of 0.749 X 10 and 1. 99 X 10 , respectively. 6 6 

At Mach numbers 4-54 and 3. 50, the boundary layer on the plate near 

the injection port was always laminar; and at Mach number 2.01, it was 

always turbulent, 

The experimental data consisted of schlieren and shadowgraph 

pictures, tunnel and injection conditions, and static pressure measure- 

ments on the plate in the injection region. The static pressures  were 

measured by a single transducer and a pressure-switching mechanism. 
~ * 

Numbers in parentheses refer t o  references listed at the end of the 
paper, 
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Description of the Flow Field 

A crude picture of the flow field produced by injection through an 

orifice has been obtained by examination of schlieren and shadowgraph 

pictures of the interaction region. 

of two shadowgraph pictures taken at different free-stream stagnation 

pressures but at the same ratio of jet stagnation pressure to free-stream 

stagnation pressure. 

flat plate model was used here. 

terial enters, through a circular orifice, with a static pressure m-ich 

higher than the value in the undisturbed primary flow. 

at the injector and expands rapidly through a strong Prandtl-Meyer fan. 

The interaction of the two streams produces a strong bow wave on the 

upstream side of the injector, and the shock-induced pressure field turns 

the injectant so that it moves approximately parallel to the wall. 

Figures l a  and l b  a re  scale drawings 

The free-stream Mach number was 2.61 and the 

For these examples, the injected ms- 

The flow is sonic 

The bow shock wave - boundary layer interaction produces a 

region of boundary layer separation upstream of the shock. 

of a turbulent boundary layer, the example illustrated in Figure la, the 

separated region is short, and the oblique shock produced by separation 

is often too weak to be observed. When the boundary layer is laminar, 

Figure lb, the separated region is m w h  larger,  and the angle between 

the separated €low and the wall is never more than a few degrees. 

Some details of the flow near the injector are shown on the 

For the case 

schlieren photographs. 

apparently the region of maximum concentration of the injectant, has 

the appearance of a streamline of the injectant. 

maximum distance between this feature and the wall (see Figure 1) 

One feature which is usually seen, and which is 

Determination of the 
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gives a simple visual measure of the penetration of the secondary fluid 

into the primary fl0.w. Figures la  and l b  illustrate flow conditions in 

which the distance of this feature from the wall is much larger than a 

characteristic boundary laye r dimension. 

Shadowgraph pictures taken at the higher Mach numbers and cor- 

respondingly lower test-section Reynolds numbers showed wavy shocks 

and jet outlines, which indicated unsteady flow. This unsteady behavior 

has also been reported by h i c k  and Hayes (2) . 

Analytic Model 

In investigating the shock patterns produced by secondary injec- 

tion, one is reminded of shock shapes produced by blunt axisymmetric 

bodies. This fact suggested that some insight into the scaling laws for 

secondary iqjection c d d  be obtained by setting up a simple model for a 

solid body which would give a shock pattern similar t o  that produced by 

the injectant, 

(1) that a sonic jet is hjected into a uniform supersonic flow with no wall 

boundary layer; (2) that no mixing occurs between the two flows; (3)  that 

the interface between the flows is a quarter sphere followed by an 4- 

symmetric half body3 (4) that pressure forces on the sphere can be cal- 

culated by use of modified Newtonian flow; and (5) that the injectant ex- 

pands isentropically to the ambient pressure with the vector parallel to 

the waU at the downstream face of the sphere. 

For  the purposes of this sim?le model, it is assumed: 

A~sumption (4) is not as restrictive as the derivation of New- 

tonian flow equations implies. 

a limiting process in which M,x, -+ 00 and y, + 1 a comparison with 

Although the Newtonian approximation is 
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experiment has shown that the pressure distributions on the upstream 

sides of blunt bodies are  predicted reasonably well by Newtonian flow 

calculations over a wide range of Mach numbers, and for  y = 1.4. (3 1 
00 

The coordinate system used in the analysis and in the description 

of the experimznts i s  illustrated in Figure 1. The x-z plane is shown 

here with the y-axis perpendicular to the page. The origin of the co- 

ordinate system has been chosen s o  that the y = 0 plane includes the 

center of the injector and s o  that the origin of the coordinate system lies 

at the intersection of the bow shock wave with the wall. 

In this model, everything is determined except the scale of the 

body given by the radius, h ). of the quarter sphere. 

found by equating (1)* the x-component of the pressure force acting on 

the sphericdl surface due to the primary flow to (2), the change in x- 

component of momentum of the injected gas as it is turned through a 

right angle. Note that the injectant is allowed to expand to the static 

pressure of the undisturbed flow, but is not assumed to com;letely fill 

the semicircular cross section of the downstream face of the quarter 

sphere which forms the "nose" of the equivalent solid body. 

flow of injectant is calculated from the assumption that the injector flow 

is sonic and fills an area which is c times the actual injector area; that 

is, c is a discharge coefficient for the injector and { f l d ]  is the 

equivalent diameter of the injector, and hence is the characteristic di- 

mension of the injector. 

This radius is 

The mass 

A brief description of the derivation of the equation fo r  the pene- 

First, consider the flow over the spherical tration height i s  given here. 

nose. 

by Lees(4), the pressure coefficient, C = (P-Pm)/$p,Vm , on th* 

For  Newtonian flow calculations, with the modification suggested 

P 
2 
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surface of a body is given by 

2 sin a P -  

P 

C 
7-7 sin a 

where c is the angle between the local tangent to the surface and the 

undisturbed flow direction, and must lie between 0 and 5112 . Here, 

and ul' are  evaluated at the nose of the body. Hence, a = sr/2 

and C is the pressure coefficient correspnnding to the stagnationpres- 

sure behind a normal shock, found from the theory of supersonic flow of 

* J- .I. 

* 
P 

a n  ideal gas: 

(1) 
2 cp* - - 

In this case, the Newtonian calculation is applicable only to the 

surface of the quarter sphere. The total axial force on the spherical 

surface was obtained by integrating the pressure force in the x-direction 

over the spherically-shaped nose of the equivalent body. The result is: 
* 2  

C h P m  
51 

Fx = ?rMm y, p 

The force on the inside surface of the nose is found by making a 

mDmantum balance of the injectant flowing through a control volume whose 

surfaces a re  made up of (1) the spherically shaped nose, (2) the side wall 

lying under the noae, and (3 )  the portion of the x = constant plane l y h g  

just downstream of the nose. The x-com2onent of the momentum change 

in the jet is equal to the force on the nose since the x-component of force 

can only act on the injectant. Because the jet is injected normal to the 

wall, the rnDmentum change is equal to the total x-momentum of the in- 

jected gas after it has expanded isentropically to the local ambient pressure. 
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This momentum flux can be simply evaluated. First, the mass 

flux of the injectant is equal to the mass flux at the injector port. From 

the assumption of sonic ilowat the injector, it follows that: 

1 

(Y j+ 1 1 / (Y j - 1 
61 j = cA.P J O j  [( R.T :jo)( yjs' ) 1' (3 1 

where (cA.) is the equivalent injector area.. 

of the control volume is given by the expression for isentropic expansion 

The Mach number at the exit 
J 

from a stagnation pressure Po to  a static pressure P . This ex- 

pression can be solved for  the velocity, V 

00 
j 

and the result is 

1 
j '  

2y.R T 
v. J = [(+) { 1 - ( % y - l ) / Y j } ] z  (4) 

The momentum flux is just m V 

is then given by 

and consequently, the force balance 
j j *  

= m V .  (5) 
FX j j  

All the parameters in this equation are known except the penetra- 

tion height, and therefore, equation (5) can be solved for this parameter. 

The result is:/ 

A similar analysis can be carried out for  momentum change 
in "1) the 

direction. The resulting equation is quite sirnilar functionally and gives 

numerical values which a re  only very slightly lower than those obtained 

from equation (6). 



-9- 

Note that when the ratio (P /Pm) is held fixed, the penetration 
0 4  

J 
height decreases with increasing Mach number. However, for rocket 

work, i t  is often more convenient to use the stagnation pressure ratio, 

P /P , as the independent variable. 
0 

O j  00 
T-he f i rs t  two factors of ( 6 )  may be rewritten to give: 

I t  is evident from this form of these terms that the penetration height in- 

creases  with the square root of P /P andz in a more complex man- 

ner, with M .  
0 

"j 00 

The variations of the terms in the square bracket of equa- 
* tion ( 6 )  and that of C 

the most important variation of penetration height is approximately given 

with Ma o r  y, are  not very rapid. Hence, 
P 

by: 

h a  

In terms of the 

be written as 

h a  

mass flow rate of injectant, ni equation ( 8 )  can 
j' 

(9) 

Note that for simplicity, the complex dependence on y 

been omitted here. 

(Pm/P0)c<1 and Mm>2. 

and y, has 
j 

Equations ( 8 )  and (9) are useful as long as  

j 
Although the derivation used to obtain equation ( 6 )  was based on 

the assumption of a spherical interface between primary and injectant 

flows, it shauld be noted that the functional form of equation (6) is not 

sensitive to the shape of the interface, For  example, the derivation has 
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been carried out for elliptical interface shapes with eccentricities ranging 

between 0 and 0.98 . The equations for h obtained by this calculation 

had the same functional form given in equation ( 6 )  and differed from 9 by 

a multiplicative constant which depended on the eccentricity and which 

only changed by a factor of 2.3 for the range of eccentricities given above. 

It is proposed that the penetration height can be used as a measure 

of the scale of the disturbance produced by injection. 

the expression for  h 

constants, the exact correspondence between values calculated from 

equation ( 6 )  and any measured feature of the flow, such as the penetration 

height mentioned earlier, is purely fortuitous. 

pected that changes iP scale of flow features will  be proportional to changes 

in h .  

Note that although 

given in  equation ( 6 ) ,  contains no adjustable 

However, it is to be ex- 

Since the boundary layer has not been considered at all in this 

d y s i s ,  it would be expected that h would have to be much larger than 

a characteristic boundary layer dimension in the immediate vicinity of the 

jet, i. e., a characteristic thickness of the boundary layer in the region 

of maximum separation, in order for the analysis to be applicable. 

However, there is a difference between the observed flow field and 

As the model which seems to make this l i d t a t i o n  somewhat less severe. 

the injectant expands just after leaving the orifice, it is h i t i d y  conical 

in shape so that the actual obstruction shape as viewed from the front is 

probably similar to that of a frustrum af a cone with its small end resting 

on the wall, iULd capped by a sphere. 

produce considerably less of an obstacle to  the boundary layer than a 

quarter sphere of the same projected area. 

This shape would be expected to 
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Figures la and lb  give typical examples of the change in bound- 

ary layer thickness caused by injection. 

separated boundary layer was never observed to be more than about twice 

the thickness of the undisturbed boundary layer at the same distance from 

the plate, as determined from the photographs. 

The maximum thickness of the 

To provide a basis for comparison, some experiments with solid 

objects of the same shape as that postulated in the analytic model have 

been conducted. These objects were attached to the nozzle wall, and 

schlieren pictures were taken at a test-section Mach number of 2.56. 

Photographs with the same shock shape were compared. 

produced with both lam-bar and turbulent wall boundary layers was always 

considerably more extensive than that produced by injection, thus verify- 

ing the previous supposition about the applicability of the model. 

The separation 

Presentation of Experimental Data 

In the following sections, results are given of experiments con- 

cerning the flow field grometry, concentration measurements, and static 

pressure measurements on the wall, The data are  presented in terms of 

space coordinates normalized by the penetration height, which is calcu- 

lated from equation ( 6 ) .  

the verification of the proposed scaling law, 

This mode of presentation was used to facilitate 

Penetration Height. In most of the schlieren photographs taken 

with secondary injection of argon and nitrogen into air, a distinct feature 

appears which looks like the top or outer boundary of the jet. 

this feature, shown in Figure 1, is probably the line of maximum concen- 

tration of injectant rather than the jet boundary, it has been selected as 

being characteristic of the scale of the disturbance produced by the jet, 

Although 
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and hence is called the penetration height of the jet. 

different injection rates should be geomitrically similar is, of course, an 

assumption which mast be verified. 

That flow fields fo r  

Values of the penetration heights determined directly from schlie- 

ren photographs made in the CIT facility are  shown in Figure 2. 

penetration heights normalized by the equivalent injector diameter, ( F d ) ,  

are  given as a function of the ratio of injectant to primary stream stagna- 

tion pressures;  data are  presented fo r  two Mach numbers. Nitrogen and 

argon were used as injectants, and experiments were conducted with two 

injector diameters. 

Here, 

The magnitude of the penetration height was found to depend direct- 

ly on the equivalent injector diameter and to vary approximately with the 

square root of the injector - t o  -primary flow stagnation pressure ratio. 

No dependence on injector mdecular  weight or specific heat ratio was 

noticed when penetration heights for a given total pressure ratio were 

compared. 

The data shown in  Figure 2 were obtained with laminar and turbu- 

lent boundary layers.  It is particularly interesting to  note that measured 

values of the penetration height were not noticeably dependent on the state 

of the boundary layer. 

The data of Figure 2 show that the height increases with increasing 

Mach number in the primary stream. 

a given primary stream stagnation pressure, the local static pressure de- 

creases rapidly with increasing Mach number. 

This is a result of the fact that for 

Theoretical values of penetration heights a re  a lso  shown in Figure 

The agreement between experiment and theory 2 for both Mach numbers. 

is good over the whole pressure ratio range studied, and the dependence 
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on specific heat ratio, molecular weight, and Mach number is correctly 

predicted. 

Values of penetration heights were obtained in the JPL facility 

from shadowgraph photographs for a wide range of Mach number and pres-  

sure ratio. Com?arison of these data with that obtained in the CITfacility 

showed that the JPL, flat plate results were about 20 per cent lower than 

the comparable CIT, nozzle wall data. This systematic difference i s  

probably due to the fact that shadowgraphs were used in one case and 

schlieren photographs in the other. 

urally lead to slightly different heights because the schlieren system is 

sensitive to density gradients, whereas the shadowgraph system is sensi- 

tive to  the curvature of the density. ) Also, in com2aring the data with the 

results predicted from the model, it should be remembered that the fea- 

tures exambed on either schlieren or shadowgraph pictures are not the 

jet boundaries themselves, and hence that either the calculated or the 

measured penetration heights can only be viewed as being proportional to 

the actual characteristic scale of flow. 

(The different optical techniques nat- 

Comparison of the flat plate data and the results of equation ( 6 )  are  

Here, all of the measured penetration heights are  in- shown in Figure 3. 

creased by 20 per  cent. 

appears to  be good, although the experimental data may have a slightly 

more rapid variation with Mach number than is predicted from equa- 

tion ( 6 ) .  

The agreement between theory and experiment 

Although the good absolute agreement between the prediction of 

equation (6) and measured values is fortuitous, the fact that the data agree 

so well in slope and shape over a range of injector diameter, injection 

pressure, and primary-flow Mach number indicates that the value of the 
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penetration height predicted by equation (6) is a useful measure of the 

scale of the interaction phenomena and suggests that the proposed model 

does include the pertinent physical phenomena. 

ple mDdel in predicting the penetration heights also indicates that the 

gross features of the flow field can be characterized by a single dimension 

which is proportional to h 

The success of this sim- 

Shock Shapes, As a further check on the suggestion that h is a 

characteristic dimension of the flow field, the shapes of the bow shock 

waves, as seen from the side, were determined from schlieren and shad- 

owgraph pictures f rom both the flat plate and nozzle wall data. 

cases, the shock coordinates were normalized by values of h calculated 

from equation (6). In Figure 4, a few typical cases from the nozzle wall 

data a re  compared. 

range of parameters studied in the CIT Supersonic Wind Tunnel, and are  

typical of the measurements made of more than 50 schlieren photographs. 

In addition, the solid line in Figure 4 represents the average of the data 

which were obtained from the flat plate experiments at a Mach number of 

2.61. These data showed somewhat less  scatter than did the nozzle wall 

data which are plotted here. 

In all 

The shock shapes plotted here cover the maximum 

It is againevident f rom study of these data that the normalized co- 

ordinates agree well and that the agreement appears to be independent of 

pressure ratio, specific heat ratio, injector diameter, and the condition 

of the boundary layer. In addition, the fact that the data from schlieren 

and shadowgraph pictures agree well substantiates the assertion that the 

observed differences in penetration height from these sources is a result 

of the differences. between these two flow visualization techniques. 
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In order to  check the influence of molecular weight on the process, 

some shock shape data were obtained with helium injectant. Unfortu- 

nately, schlieren photographs taken with helium did not reveal the pene- 

tration distance directly, although the bow shock was easily observed. 

However, the normalized shock shapes agree as well as the other data 

when the data are  normalized by values of penetration height calculated 

from equation (6) with experimentally determined values of the flow coef- 

ficient, c .  

interaction is independent of molecular weight. 

Hence it is evident that the characteristic dimension of the 

In Figure 5 are presented curves which represent averages of 

shock shape data from the JPL flat plate experiments. 

data presentation was chosen because the curves lie so close together that 

it would have been very difficult t o  visualize the important features had 

the data points been plotted, but yet their significance is l o s t  if they are 

not directly compared. The scatter in the data is somewhat less  thanthat 

shown in Figure 4 except where the curves are  dashed, in which case the 

difficulty in interpreting the photographs caused greater scatter. Some of 

this difficulty at the higher Mach numbers was caused by the unsteadiness 

in the flow field prevlously mentioned, 

proach a single curve for small values of (x/h) indicates that the properly 

normalized shock shapes near the injector port are nearly identical. Now 

the shock location near the nose of a blunt body in a supersonic flow is 

very weakly dependent on Mach number (for Misch numbers larger than 

about 2.0), but is strongly dependent upon the size of the body. 

Figure 5 indicates that the dependence of h upon the free-stream Mach 

number is correctly predicted by equation (6). 

This method of 

The fact that the curves all ap- 

Thus, 



-16- 

Concentration Profiles. A more cr i t icd check on the proposed 

scaling law is given by examination of the flow pattern of the injectant. 

The mixing of the injectant and primary flows has been examined by mak- 

ing analyses of gas samples drawn from various locations in the flow 

field. 

injection system with argon and helium injectants. The positions most 

thoroughly studied lie in the x-z plane, y e 0; a few positions for  other 

values of y were also examined. 

Measurements were taken at Mach number 2.56 in the nozzle-wall 

Data obtained with argon injectant in the y = 0 plane a re  shown in 

Here, the origin of each concentration profile is su- Figures 6a and 6b. 

perimposed at the appropriate position on a plot of the x-z plane which al- 

so shows the bow shock wave. In Figure 6a, the region close to the injec- 

tor is show3 on an expanded scale, and the data points are  presented in 

detail to illustrate the reproducibility of the experiments. 

a re  normalized by calculated values of the penetration height. 

All coordinates 

The probe 

which was used to obtain these concentration measurements was 0. 079 cm 

mtside diameter, The normalized diameter of the probe is shown in Fig- 

ure 6a for each value of h used in the experiments. 

The data of Figure 6 show that near the injector the profile is 

sharply curved on the lower side of the maximum, but that downstream of 

(x/h) 4, the profile is roughly Gaussian except for a slight wall  interfer- 

ence effect. 

height correspond much closer to  the line of mtucimi.im concentration than 

to the outer edge of the injectant stream. 

It is obvious that the observed and calculated penetration 

Mixing occurs rapidly close to the injector. For  (x/h) M 1, the 

maximum concentration is less  than 0.80; thus, even this close to  the in- 

jector, the injectant is already substantially mixed with the primary flow. 
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Farther downstream mixing is slower, and at (x/h) x 12 the concentration 

maximum is still greater than 25 per cent. 

Measurements made on planes other than y = 0 a re  shown in Fig- 

These data and that shown in Figure 6 have ure 7 f o r  two values of (x/h). 

been used to obtain the cross plots and concentration profiles shown in 

Figures 8a and 8b. 

(y/h) f o r  a number of values of distance above the wall, (z/h), and for two 

values of (x/h) a re  shown. Above the concentration maximum, the curves 

are  again roughly Gaussian, but below it they have a definite concentration 

minimum on the (y/h) = 0 axis. 

stations, but is much less  marked at (x/h) = 12. 

In Figure 8a, cross plots of concentration versus 

This mlnim?un Is present at both (x/h) 

The concentration profile of Figure 8b shows the extent of this 

minimum more clearly. 

(y/h) - (z/h) plane are presented. 

were obtained by interpolation of the data of Figures 6 and 7. The shapes 

of the twoplots a re  roughly similar, although the (x/h) dimension appears 

to be growing slightly more rapidly than the (y/h) dimension. 

Here lines of constant concentration in the 

The solid points shown on the figure 

The kidney-shaped cross section seen in the concentration profiles 

of Figure 8b suggests that a vortex is shed from either side of the injec- 

tant jet. The vortex filaments appear to be roughly parallel t o  the wall, 

and with vorticity such that, near the wall, primary gas is swept in 

toward the centerline of the flow, i. e. , toward (y/h) = 0. 

vortex structure has been observed by other workers f o r  the case of sub- 

sonic injection into a subsonic stream. (5) Such vortices may explain the 

steep gradients in concentration observed at the (x/h) % 2 position. 

This type of 

The data presented in the last three figures were obtained with 

argon injectant. Similar data obtained with helium injectant are  shown in 
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Figure 9a. 

mass fractions, are not identical with the argon data, since the two situa- 

tions are  not directly comparable. The difference becomes more marked 

with increasing (x/h). The nature of the difference is more clearly shown 

in Figure 9b, where the profiles f o r  helium and argon at (x/h) = 12.3 are  

compared with the concentration values normalized by the maximlim 

value. 

fo r  argon. 

As would be expected, these curves, presented in terms of 

The curves are  similar, but the helium profile is lower than that 

Although the general shapes of the curves shown in Figures 9a and 

9b are  quite similar, such features as  jet width and distance of maximlim 

concentration line from the wall  are definitely smaller for the helium 

case. 

slowly than the argon jet. 

Hence, in the coordinates used here, the helium jet spreads more 

Argon data are  presented in Figures 6 to  8 for stagnation pressure 

ratios which give a 2,2:1 change in penetration height. The normalized 

concentration profiles shown in these figures are  almost identical over 

this scale change. The data are also insensitive to the state of the bound- 

ary layer, since both laminar and turbulent layers are  included. 

it is apparent that the scaling rule given by equation (6) is valid for the 

mixing process, too, when changes in scale by not mare than a factor of 

two are considered; the good agreement of the data suggests that much 

Hence, 

larger scale changes could be adequately treated. 

W a l l  Pressure Distribution. The experimental results discussed 

up to this point concern the gross structure of the flow field produced by 

secondary injection. 

approximately independent of the state of the boundary layer, and that a 

simple model of the flow leads to the calculation of a single characteristic 

It has been shown that these features of the flow are  
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dimension, the penetration height, which is a satisfactory scaling param- 

eter. In contrast, when exam!ning the flow field near the wall, the state 

of the boundary layer is very important because of its influence on the in- 

teraction between the bow shock and the boundary layer. 

For example, when the layer is laminar, the bow shock - boundary 

layer interaction causes the layer to separate far upstream of the interac- 

tion region, and the separation angle is quite small, e.g. 8 Figure lb. 

When the layer is turbulent, the separation point is mxch closer to the in- 

teraction region, and the separation angle is m x h  larger (Figure la). 

Hence, it is evident that the static pressure distribution on the wall  under 

the separated regions wil l  be quite different for turbulent and laminar 

boundary layers. 

Static pressure data obtained in the CIT and JPL facilities are  

shown in Figures 10 through 16. Values of the pressure change produced 

by injection and normalized by the primary €low static pressure are  given 

as  a function of the position coordinates normalized by the calculated 

penetration height, 

Consider first the results for  M := 2.56 shown in Figures 10 and ll. 

In Figure 10, data a re  shown for  pressures measured along the x-axis, 

i. e,, dong a line parallel t o  the primary flow and passing through the in- 

jector port. 

(x/h) 4 -f on the upstream side of the injector port, falls to less  than half 

the ambient around the port, and rises to the ambient value in the region 

3 

es  slightly farther upstream of the shock due to  separation^ the corre- 

sponding turbulent separation occurs too close to the injector to  be 

clearly discerned. 

In general, the pressure increases rapidly between -1 4 

(x/h) 4 4. When the boundary layer is laminar, the pressure increas- 
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Off x-axis data are  shown in Figure 11 for conditions corresponding 

to the turbulent boundary layer data of Figure 10. The data are for cuts 

along both y = constant and x = constant lines and serve to give a rough 

picture of the off-axis pressure distribution, 

pressure extremes are  found along the x-axis and die off with distance 

away from this axis. 

As would be expected, 

A wide range of injector parameters a re  covered by the data pre- 

sented in Figures 10 and 11. 

ratios used here produces a 6.8:l variation in the penetration height; 

data with both laminar and turbulent boundary layers a re  presented, and 

helium and nitrogen injectants are  used. In view of this wide variation of 

parameters, the correlation of the data of Figures 10 and 11 by use of the 

normalization factor, h , i s  satisfactory. 

For  example, the change in total pressure 

The pressure distributions obtained at different Mach numbers for 

the flat plate model a re  shown in Figures 1 2  through 16. 

not possible to  present a l l  of the data points; each figure includes one set 

of data points, and the scatter in the data for which only average curves 

are given is similar to that of the data which a re  presented. 

Again, it was 

At the lowest Mach numbers, the pressure distributions were ob- 

tained with turbulent boundary layers, and the data a re  in good qualitative 

agreement with the noezle wall data of Figure 10. 

the average of the CIT data of Figure 10 is given in Figure 13 to facilitate 

this comparison. One of the differences between the nozzle wall and the 

flat plate data for the case of turbulent boundary layers was that separa- 

don could usually be observed in the flat-plate pressure distribution data. 

In the cases for which the separation shock was visible in the shadow- 

graph pictures, the point at which the pressure rise was detected cor- 

A curve representing 
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responded reasonably well with the intersection of the separation shock 

with the wall. 

Data with laminar boundary layers are shown in Figures 14, 15, 

and 16 for the higher M x h  nllmbers. 

pronounced pressure rise far upstream of the injector than the corre- 

sponding turbulent data; for example, compare data of Figures 13 and 14 

which were obtained at Mach number 2.61 and which have similar scale 

heights. 

ary layer states. In general, the normalized pressure distributions with 

either a laminar or a turbulent Mach number a re  surprisingly insensitive 

to Mach number. 

These data show a much more 

Downstream of the injector, the data are  simflar for both bound- 

In spite of the good general correlation of the pressure data in 

Figures 12 through 16, some systematic variations with pressure ratio, 

or scale, can be noted. 

16, it can be seen that the separation distance normalized by h decreases 

as h increases. Considering the assumptions of the analytic model, it 

is not surprising that it does not account for a n  effect of shock - boundary 

layer interaction particularly well. However, in the case of the turbulent 

boundary-layer data upstream of the injector, the correlation is excel- 

lent, m d  thus it appears that the turbulent separation distance is a linear 

function of h . 

In the case of laminar separation, Figures 14 to 

In Figures 1 2  through 16 it can be seen that the agreement in the 

data is very good immediately downstream of the injection orifice in the 

region of minimum pressure, but a systematic difference appears some- 

what farther downstream, in the range of (x/h) between 3 and 5. 

or the injection pressure, increases, the pressure in this region rises 

As h # 
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mare abruptly, until it actually overshoots the free-stream static pres- 

sure except at Mach nuinber 4.54. 

overshoot becomes more pronounced, and its maximum value moves for- 

ward, in the normalized coordinates, as the injection pressure is in- 

creased. 

feature in the shadowgraph pictures to which it might be attributed. 

At the lower Mach numbers, this 

This overshoot occurs considerably downstream of any visible 

This pressure overshoot is probably caused by the reattachment 

of the injectant jet to the wall. 

penetration height is explained by the fact that h i s  increased by increas- 

ing the total pressure, Po . As h increases, the pressure ratio through 

which the injectant expands, i. e., 

in the jet must increase. 

the pressures produced by the shock milst be higher. 

The increase in  overshoot pressure with 

j 
Po /Pm, increases, and the velocity 

Hence, the turning shock must be stronger and 
j 

In each set of data at a constant Mach number, it was noted that 

the centerline pressure distributian corresponding to  the lowest injection 

pressure seemed t o  be somehwat smeared out compared to  the others. 

The pressure changes were more gradual, but extended over a larger 

region, again in the normalized coordinates. Although no detailed bound- 

ary layer studies have yet been made to confirm this supposition, the 

schlieren and shadowgraph pictures seem to support the notion that this 

smearing out of the pressure distribution occurs when the scale a€ the 

obstruction is of the same order as a characteristic boundary layer thick- 

ness. Since the scaling procedure is based upon a single scaling pararne- 

t e r  for the flow field, it seems logical that this sim$icity would be modi- 

fied in a region where the scale factor was of the same order as another 

important characteristic dimonsion of the flow. 
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The correlation of the CIT data in Figure 10 is not as good as that 

of the JPL data presented in Figures 12  through 16, which appears to be 

excellent. 

rather crude pressure instrumentation, see page 2 . The data for one 

of the higher pressure-ratio runs of the CIT data with a lambar boundary 

layer exhibits what appears to be the pressure plateau characteristic of 

laminar separation. This pressure plateau does not show up clearly in 

all of the CIT laminar boundary-layer data, as can be seen in Figure 10. 

It is not known whether this is entirely due to inaccuracies in measure- 

ment, or whether the milch mare pronounced effects of laminar separation 

exhibited in Figure 14 are  primarily a result of actual differences in the 

shock - boundary layer interaction between the two sets of experiments. 

In any event, the character of the boundary layer on the tunnel wall in  the 

CIT tunnel would be expected to be different from that in the flat-plate 

experiments in the JPL tunnel. 

At least some of the scatter in the CIT results is due to the 

Several papers have appeared in the literature which present 

pressure distributions on flat plates with secondary injection, which are 

simUar to the experiments described in this paper (2' 6 y  7' '). Data from 

the paper by Cubbisan, Anderson, and Ward(6) was considered to be the 

most directly comparable to that which has been presented here. 

17 presents s ixpressure distributions in the plane y = 0 for two Mach 

numbers; the data are plotted in the manner of Figures 10 to 16, except 

that the original pressure coefficient notation was retained. 

ment is seen to be quite good, except in the separation region upstream 

of the injector at free-stream Mach number 4.84. It should be noted that 

for  the two largest  values of h , at Ma = 4.84, the boundary layer was 

separated up to  the leading edge of the plate, thus precluding any 

Figure 

The agree- 
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similarity in that region. 

Discussion and Conclusions 

Quantitatively, the results of the shock shape, concentration, and 

pressure measurements indicate that the scaling parameter, h , is satis- 

factory for the range of variables which has been investigated, with the 

previously mentioned restriction that the penetration height be large with 

respect t o  the separated boundary-layer thickness. 

the shock and concentration data was excellent. 

in the pressure data was observed, primarily in the lam!.nar boundary 

layer separation region, and at the lower Mach numbers in the reattach- 

ment region downstream of the injector. It is a l s o  apparent that a simple 

one-parameter scale transformation cannot give a detailed correlation of 

the pressure data in these regions. 

The correlation of 

Some lack of similarity 

Review of Flow Models. A number of models have been suggested 

by other authors which lead to a calculation of a scale height for second- 

ary injection. For example, see References 10 t o  13. Unfortunately, 

most of these models a re  for two-dimensional flow and are  not directly 

applicable. 

one used in this paper. 

However, it is still possible to compare their approach to the 

One assumption used was that the penetration height is fixed by the 

area required topass  the mass flow of injectant after it expands isen- 

tropically to the local ambient pressure. (lo) In our case, this assumption 

leads to the result that the penetration height depends only on the m h i e n t  

static pressure and injectant specific heat ratio, and is independent of the 

momentum of the free stream. 

with the experimental results. 

These conclusions are not in agreement 

A second type of model, e. g. Reference 
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11, is based on the assumption that the separated boundary layer is tan- 

gent to  the top of the injectant stream, and that side force is only gener- 

ated upstream of the injector port. 

such a violent separation can only occur when penetration height and 

boundary layer thickness are of comFarable scale. 

tration heights was not examined in the present paper. 

Our experimental work shows that 

This range of pene- 

(14) Furthermore, analysis of the results of Newton and Spaid 

shows that with gaseous injection, the major portion of the side force is 

applied downstream Df the injector port. They found that there was still 

a small positive contribution to  the side force for (x/h) > 12. 

this work was carried out in a conical rocket nozzle, the results should 

apply at least qualitatively to the present discussion, 

Although 

Additional information is furnished by analysis of the results of 

Walker, et  al(15), who worked with a conical nozzle which had injector 

ports of various diameters located close to the nozzle exit. 

of specific impulse of side injection, Is, are  given in Figure 18 as a 

function of the ratio of distance between injector port and nozzle exit to 

values of penetration heights calculated from equation (6) . In these ex- 

periments, the ratio of the distance between injector and nozzle exit and 

the penetration height varied from about 2.9 to  8.5, and the correspond- 

ing specific impulse for secondary injection increased by a factor of about 

1.4. 

tematically increasing the wall area on which the pressure disturbances 

act f rom an area corresponding to (X/h) = 2.9 to (X/h) = 8.5 , For this 

Their values 

These results can a l s o  be interpreted a s  showing the effect of sys- 

configuration the contribution to aide force is small when (X/h) > 7 . 
This result agrees with the analyses of the data of Newton and Spaid, (14) 
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discussed in the previous paragraph, and shows that the downstream con- 

tribution to side force is very important. 

(12) A third type of m3del is  that which was proposed by Broadwell. 

In this paper, the blast-wave theory was used to obtain a pressure field 

on a flat plate. The scale of this pressure field w a s  determined by cal- 

culating a value f o r  drag profuced by injection and equating this to the en- 

ergy added to the free stream per unit length. 

completely analogous to the change in the x-component of momentum of 

the jet in the present model, equations (3), (4), and (5). A value of drag, 

then, corresponds to a scale height, so  that these two approaches can be 

compared. In Reference 12, the drag, o r  energy per  unit length, is cal- 

culated by assuming first, that the injected material reaches the velocity 

of the undisturbed free stream, and second, that the effect of adding mass 

can be taken into account by adding heat to a part of the free-stream flow 

sufficient to produce the same volume change which would be produced by 

mass addition. The result of this calculation is  as follows: 

This drag is therefore 

In order to compare the effect of these assumptions with the pres- 

ent model, an equation for scale height similar to equation (6) was derived 

by substituting equation (10) for  equation (5) in the present derivation. 

The resulting equation, analogous to equation (6), gave very nearly the 

s a m e  Mach number dependence as equation (6), but showed a strong de- 

pendence upon the molecular weight of the injectant at a constant value of 

free stream - to - injection pressure ratio. This dependence was not ob- 

served. These results indicate that the scale of the flow field is  probably 

determined by an isentropic expansion of the jet in the immediate vicinity 
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of the injector, rather than by the acceleration and mixing process be- 

tween the jet and the free-stream material which occurs farther down- 

stream. 

that the drag of a slender, blunt-nosed body at high Mach numbers is de- 

These results and conclusions are  also in accord with the fact 

termined almost entirely by the characteristic nose bluntness dimension. (3 )  

Review of the Flow Field Characteristics. The concentration and 

pressure data have now made it possible to add some details to the quali- 

tative description of the flow field which was presented earlier. 

been shown that the jet mixes very rapidly as it leaves the injector, and 

much more slowly for (x/h) greater than about 4. 

ly  parallel to the wall at (x/h) = 3. 

It has 

The jet is approximate- 

A pair of vortices appear to  be shed from the jet near the injector; 

these accelerate the mixing process and result in a region of low concen- 

tration of injectant material in a region immediately downstream of the 

jet near the wall. 

3 2  (x/h) 2 4 .  This reattachment may be accompnied by a compression 

wave system, increasing in strength with jet - to  - free stream stagnation 

pressure ratio and with decreasing free-stream _Mach number, 

The flow appears to reattach to the wal l  in the region 

The character of the boundary layer separation for the case of in- 

jection into a turbulent boundary layer is quite different from the separa- 

tion of a laminar boundary layer. 

separation extends only slightly upstream of the bow shock,but the lami- 

nar boundary layer separates f a r  upstream. In neither case, however, 

does the height of the separated boundary layer approach the height of the 

jet, if the jet height is much greater than the undisturbed boundary layer 

thickness. 

boundary-layer separation studies with a two-dimensional step. t9’ Part 

The pressure rise due to turbulent 

This result is quite different from the results obtained in 
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of this difference seems to be the result of the inherent difference be- 

tween two- and three-dimensional obstructions; the boundary layer can 

sim2ly go around the three-dimensional object, but the flow must a l l  go 

over the top of the two-dimensional one. 

ously mentioned effect of the jet shape near the wall which tends to pro- 

vide clearance f o r  the boundary layer. 

In addition, there is the previ- 

Scaling Laws for Side Force on a Wall. If the scaling law, as de- 

veloped earlier in equation (6), can be taken as being a good approxima- 

tion, then it is easy to predict the variation of the side force generated on 

an infinite flat surface by the variation of the jet parameters, 

purposes, it is desirable t o  know the change in force produced on the wall 

by secondary injection. 

For many 

The side force contribution from the pressure field resulting from 

secondary injection from an infinite flat plate can be expressed as: 

00 

A F =  f J ‘ (P-Pm)dx dy . 
x=-a  y=-m 

2 Dividing through by (Pooh ) we have: 

The integral of equation (12) is evaluated in the normalized coordinates, 

and therefore will depend only upon the free-stream Mach number and 

specific heat ratio. That is, 

@ = Q { M m , ~ , I  

The total side force due to  injection Fs is the sum of the interac- 

The thrust of a sonic tion force, AI?, and the thrust of the injectant, F . 
jet is given by 

j 
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F = P o A . c C f { M = l ]  
.i j J  

where 
1 

Combining (61, (12), (13),  (14) ,  we have 

8 @  Y; 

If we define 

r ? 

then (15)  becomes 

r is a slowly varying function of y 

variables which is of interest. 

is evident that the interaction force is directly proportional to the jet 

thrust. 

and Pa/P0 for the range of these 

For the special case that Pa << Po a it 
j j 

j 

The usual form for presentation of rocket motor teats has been to 
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give the ratio of side force to axial force as a function of the ratio of sec- 

ondary to  primary mass flow rates. That is, 

F ~ / F  = f ( m . / m p ) .  
? J 

Results from (17) can be compared with rocket motor data in the 

following way: 

Fs = F .  t A F  
J 

where the thrust of a sonic jet written in terms of m is 
j 

(19) 

Equations (18) and (19) can be used to correlate side force measurements 

if the dimensionless pressure integral, P, , is known. 

Even when @ is not known, correlation can be made if the factors 

directly multiplying Q in equation (18) are  held fixed, This condition 

implies that valid comparisons can be made when any of the following 

parameters a re  changed: injectant molecular weight and total tempera- 

ture; injector diameter; and primaryistream molecular weight and total 

temperature. In addition, the dependence of I’ and the square bracketed 

term in equation (19) on P is very weak Hence, a change in the ratio 
0; 

J 
(Po /Pa) will only introduce a slight e r r o r  in scaling. 

j 
Subject to  the above restrictions, it is evident that 
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In addition, if changes in axial thrust of the primary flow caused 

by non-optimum expansion and by secondary injection are neglected, then 

F a &  V R T  ' 

"P P P 

and therefore 

This result indicates that the thrust ratio depends directly on the mass 

flow rate and on the square root of the ratio of injectant total temperature 

to molecular weight. The ratio is independent of injector diameter. 

The discussion given in  the earlier sections of this paper indi- 

cates that there a re  a number of restrictions which must be placed on 

this scaling procedure, 

only if the wall on which the pressure disturbances exist is of sufficient 

Clearly, the procedure is strictly applicable 

extent that the pressure at its boundaries has returned to the free-stream 

static pressure. 

least 10h away from the injector. 

In practice, this means that the boundaries must be at 

In addition to this geometric limitation, it will be useful to sum- 

marize again the limitations on the scaling procedure itself. First, it is 

necessary that the penetration height be larger than the separated bound- 

ary layer thickness. 

Second, if the boundary layer is turbulent, scaling appears to be 

excellent except in the reattachment region. If scaling of a nozzle is 

carried out by using geometrically similar devices with equal total pres- 

sure ratios, (Po /Po ), then the reattachment phenomena will also be 
1 0 0  

similar and no s&ling e r ro r s  will be introduced. This scaling procedure 

is that which is most likely to be used in the design of a large rocket 
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~ 

nozzle where the boundary layer is almost certainly turbulent. 

Third, if the boundary layer is laminar, upstream separation phe- 

nomena are  more imi)ortant, and scaling with the penetration height may 

be less  satisfactory, 

changes compensate each otherj13) however, no information on such 

In this case, there is some indication that preesure 

compensation can be deduced from the present work. 

Some direct comparison cam be made of the scaling law developed 

here with experimental rocket engine tests. Even though the flow field in 

a nozzle is not directly comparable to that treated here, it is felt that the 

general conclusions drawn from the present work a re  useful. 

Rodriguez(16) and many other experimenters have found that the 

side force is independent of the injector port area for fixed mass flow and 

depends linearly on the m a s s  flow of injectant when the primary flow pa- 

rameters a re  held fixed. 

equation (1  5). 

This result agrees w i t h  that obtained from 

Some work has been carried out in which injectants with different 

total temperatures and different molecular weights were used. (15,17,18) 

The correlation proposed by Lingen'") and later approximately verified 

by Chamay and Sederquist'") agrees exactly with equation (20). 

Figure 19 shows data from Reference 17 for gas injection into a 

rocket nozzle. 

more than 6 for the two cases, and the agreemsnt is excellent, although 

the data a re  badly scattered. Figure 20 shows data for nitrogen and hy- 

drogen injection injection into a rocket nozzle, from Reference 18. The 

scatter here is mach smaller than for Figure 17, but the correlation is 

The parameter (To /To ) was changed by a factor of 
j p  

not quite s o  good. It can be seen that the correlation improves with in- 

creasing m * so that there is about 10 per  cent difference between the 
j 

~ 



-33- 

nitrogen and hydrogen data at the higher injection rates. 

In the previously mentioned paper by Walker, e t  al., data are re- 

The correla- ported for  injection of different gases into a rocket nozzle. 

tion of these data by the present treatment is presented in Figure 21a. 

Only data for sonic injection are presented. The choice of h as a cor- 

relating parameter was made because it accounts for variations in y 

and Pm/P0 . 
counted for quite well, but considerable systematic variation remains 

among data for different gases. It is interesting to note that the correla- 

tion is in e r r o r  by about the sarni: factor over the entire range of h , or 

injection rate, in contrast to the data of Reference 18. 

2 

j 
It can be seen that the effect of injector diamcter is ac- 

j 

2 

The different treatment proposed by Br~adwell(~’)  gives a some- 

what better correlation of the data of Reference 15, particularly at the 

higher injection rates (see Figure 21b). Figure 21b also includes data 

for subsonic injectioa, but does not include the effect of injector port di- 

ameter. In another figure of Reference 19+ Broadwell shows a correla- 

tion of this effect which is as good as that in Figure 21a. 

Because of the disagreement between the various sets of experi- 

mental data of References 15, 17, and 18, it is difficult to judge the value 

of the present technique in correlating rocket motor data for different 

gaseous injectants. 

proposed by the authors appear to be in approxbate  agreement with ex- 

perimental data, although both techniques predict greater increases in 

performance with decreasing molecular weight of injectant than a re  actu- 

ally realized 

Both the technique proposed by Broadwell and that 

In the case of the technique developed here, the explanation for 

The assumption of isen- this discrepancy is believed to be as follows. 
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tropic expansion of the secondary flow appears to be quite satisfactory in 

the vicinity of the injector. 

ous injection into a rocket exhaust that i n  many configurations, a major 

portion of the side force is developed quite far downstream of the injector. 

The concentration measurements which have been presented here show 

that mixing of the injectant with the f ree  stream is  quite rapid, so that 

the speed of the injected gas downstream Qf the injector i s  strongly af- 

fected by the free stream flow. 

downstream of the injector will then be less  than that predicted by equa- 

tion ( 6 )  if the speed of the injectant corresponding to an isentropic expan- 

sion to the free-stream static pressure is significantly greater than the 

speed of the free  stream. This effect of mixing will  then result in lower 

performance for a light gas than for a heavy gas  when they are  compared 

at the same value of the scale parameter, h for rocket-nozzle injection 

configurations for which the side force contribution downstream of the in- 

jector is important. 

HDwever, it has been demonstrated for gase- 

The effective scale of the obstruction 
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